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Theoretical and experhe .-.I c-dd-.nce I s  presented f o r  the 

existence of melting within t - :iiei- Layers of the Earth. Numerical 

techniques a r e  developed that  -eL - d . ~ ?  calculation of temperature 

distributions within a spherl PL k1Uy -T'iich m e l t s  according t o  a 

given melting curve. The pos 5 i l L " l ; r  .f f l u i d  convection i s  discussed 

and the  numerical procedures L X - ~  zcCli?zzd t o  include the l imiting case 

of highly e f f i c i en t  f l u i d  c o r - . ~ c ~ l c r , .  :sbdels a re  constructed employ- 

ing these techniques, and f u r ' r e r  qp i -ka t ion  of these methods t o  the 

problem of the  dis t r ibut ion 01 radioac;ive isotopes within the Earth 

is  indicated. 

ILC'T?OZ'JCTIC:I 

The method of constructicg m t h e m t i c a l  moL?ls f o r  studying the 

thermal his tory of planetary kodies has been developed considerably 

within recent years. 

of available theore t ica l  models t o  include models which consider the  

The purpose of t h i s  work is  t o  extend the range 

e f fec ts  of melting and f l u i d  convection within a planetary body, with 

par t icu lar  reference t o  the a l t e r  layers of the  Earth. 

Some ear ly  ideas of therza l  h i s t o 7  (Kelvin, Jeffreys) visualized 

an Earth condensing a t  high teiperatures t o  a liquid,  and then cooling 

rapidly t o  the so l id  s ta te .  ',"he cooling was assumed t o  take place by 

f l u i d  convection, with radiation frorr? the surface and so l id i f ica t ion  

taking place from the  interiol- w h a r d .  Current theories of planetary 
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formation, as developed i n  tin€ :'c?L z$ 5;iLt,zer, Hoyle, Urey, S c b i d t ,  

and others, involve the accm. -t-t4;:: GI ?Laxetary bodies as sol ids  a t  

- -  re la t ive ly  low temperatures. LA=: -.  a x  .- ecs'as 19561, ik'aimova [ 19581 

MacDonald [1959], and other ai k13rs iiav- corrstructed models of the 

Earth, Moon, and other planetE E X  a c  x r o i d a l  objects, based upon 

the equation of heat conductic - 1.-:31.ia a so l id  body having in te rna l  

heat sources. 

and have investigated the cons-juences resul t ing from variat ion of 

the parmeters  and a s s q t i o n s  r e p i r e ?  i n  calculating tnese models. 

They have calcu ate5 a. -$tee var ie ty  of thermal models 

The general conclusion reached was t ha t  t e q e r a t u r e s  within the  Earth 

increase with time f o r  depths below a few hundred kilometers. Since 

the e f fec ts  of melting a re  t o  be considered here, it m u s t  first be 

determined that these r i s ing  temperatures do exceed the melting 

temperature a t  some time within the Earth. 

Any  attempt a t  a study of the  Earth's thermal his tory encounters 

the very intractable  problem of the i n i t i a l  temperature distribution. 

This problem is t rad i t iona l ly  :?sfidled by l i s t i n g  the possible energy 

SO-E-C~S, iiiscuss ing Ynem br ieziy arid seuiquantitatiiveiy, ana tnen 

'estimating' a temperature dis t r ibat ion.  

of affairs i s  only s l i gh t ly  ameliorated by the f a c t  t h a t  f o r  t h i s  

study only a lower bound need bs determined t o  indicate the  existence 

of melting. 

sidered t o  be derived from three m j o r  sources; the accretional 

This unsatisfactory state 

This so-called ' isitiai t e q e r a t u r e '  i s  genera- con- 
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energy retained during planetr :'xmazion, the cowress ional  energy 

released within the  inter ior ,  2 x 1  t h e  ycssible contribution of short-  

l ived  radioactive isotopes. 1 - l a  i s  zssmlng a re la t ive ly  short  

period of formation i n  which Lmg-livec, radioactives would not con- 

t r i bu te  significantly.  

t i d a l  f r i c t i o n  [ h u l a  -, 19641 ~ 2 5  h e  radicals [Urey and Donn, 19563 

but a re  ra ther  unlikely t o  be a lga i f i cmt  energy sources. 

i n i t i a l  temperature sources p:vride adci t ional  heating above the 

equilibrium temperature provi, 25 3y so lar  radiation. 

Other s3 i~cces  have been suggested such as 

The 

The t o t a l  amount of accrtzii jml wergy may be estimated by 

computing the  gravi ta t ionalpcten, i%l energy of the E a r t h .  

Solution I density dis t r ibut icn g'-ven bg Birch [19641, t h i s  po ten t ia l  

energy may be calculated as 4.20 x 10" joules/g. This energy is much 

more than would be required t c  xeit th.3 ent i re  Earth and obviously 

only a small f ract ion of the energy co-jld be retained. 

energy retained depends prim& i i j r  tipon the r a t e  of accretion. 

With the 

The amount of 

Benfield [ 19501 considered the prablem of accretional and compres- 

s iona l  energy and discussed ecr l ie r  work.  

Lubimova [1955] estimated the t 

period of formation was compl L.L. 

temperature increase a t  1270 

MacDonald [1959] considered a =m:tm; Temperature of 1300 C as appro- 

p r i a t e  for  an accreting Earth i n  ~Lcich equilibrium i s  maintained between 

the input of gravi ta t ional  enc r :y and -&e output of radiation. 

Safronev [19581 and 

m - ~ t . - z e s  within the Earth after the  

LLL~GVZ [19583 esti~~ted the 

0 
tie;th Ls between 200'~ and 1200 C. 

0 
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Tne contribution due t o  c z i z c  s h r t - l i v e d  radioactives i s  

dependent upon the amount of %-:e 4,etve?n T o m t i o n  of the radio- 

active materials and the f o m - . i c n  02 so l id  bodies large enough t o  

r e t a in  heat. 

s ib l e  importance of t h i s  sowc- T o r  +- un13 r-leteorite parent bodies and 

contributions of as high as 2C.9 - _;:9033/’g are postulated. 

energy source is  extremely sec Ltl.~e t~ -,he r a t e  of accretion and 

hence no meaningful estimate c-’ I t s  ‘iorprtance can be made f o r  the 

Earth. 

Fish, Goles, ane .’ n5er-s 5 19601 have indicated t’ne pos- 

Tnis 

Upon completion of the int-:val 05 ? l a n e t a u  formation and the 

rapid decay of any short-live6 r&dloac:ive materials, fur ther  t em-  

perature increases m u s t  come p-*izsrFLy :Tom decay of long-lived 

radioactives, pr incipal ly  iso-wpzs of I(, ri?,and U, and from energy 

released during rearrangements of ?fie ixbernal density dis t r ibut ion.  

For an Earth i n i t i a l l y  unifom i n  :oLqosition and composed primarily 

of i ron  and s i l i c a t e  phases, L e  rtsing temperatures w i l l  exceed the 

melting curve of i ron [Strong, 19621, wlthin the deep in te r ior ,  

before the s i l i c a t e  phase begY-5 z> nei;;. 

by some i r revers ib le  process s c h  as tiist outlined by Elsasser [l963] 

w i l l  result i n  the  release of 3 r g z  qu,Lt-Lltles of cxrgy- 

has estimated t h i s  energy source TO be as  high as 200Oo/g. 

bulk of this energy is  release, 3c;:’xe %’re melting temperatures of the 

s i l i c a t e  phase a re  reached, ti?- cc-i%~i%~;ion of energy from core 

Formation of an i ron core 

Vrey [1952:! 

Since the  
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foraation i s  considered t o  be 

estiraate f o r  the purposes of t : . cse  cz,:,ll;rlations. 

of evidence can be presented i' T' !k. exi;tence of a reasonable lower 

bound t o  the i n i t i a l  t e q e r a b L  -, tc,o :yzck z-ncertainty remains t o  per- 

m i t  the  presentation of this L :~ -e r  bor;r;d as more than an estimate. 

MacDonald Clg631 gives a valut SI ah03- t  1800 C as a low i n i t i a l  ten- 

perature f o r  1500 km depth an6 Zr51 [l:-c>] assmes that the i n i t i a l  

temperature dis t r ibut ion i s  c 

estimate 1300°C t o  be the lowc  

depths greater  than a few huni 

c n t s t x l  -,.:it'i.,in the i n i t i a l  teqeratu-re 

-$lt;.lough a good deal  

0 

^ / ?  

e to %:?e melting c u e  of iron. W e  

The temperatures within t l x  hx2 G s o  depend upon the rate of 

removal of heat energy. The r e l a  >:or:3idered here include the effects 

of heat t ransfer  by radiation e Irktize conductivity. 

The poss ib i l i ty  of heat t::zrsI"ez- 3;~ convection within material  

,?oint  b s  been discussed recently a t  temperatures below i t s  m e 1  

[Vening-Meinesz, 19641. 

mantle -wide so l id  convection T,. :'21 bc i r3 ib i ted  by tine inhomogeneities 

within the t rans i t ion  zone. 

should f a l l  far short  of the r-::%ing q z b t .  

sol id-s ta te  convective heat ti* ,:.slei.1. %J xezx of lsczl CPUS cannot 

be completely ruled out. 

be l imited t o  a relat ively nai. *OY r e g i m  between the t r ans i t i on  zone 

and the  coolest outer-most la?;--.rs, a-d i2ne efficiency of t h i s  process 

i n  transporting heat i s  questimxi&iie [bkcDonald, 19631. Hence, so l id-  

s t a t e  convection is  not consic?,r.e& ir? the calculations. 

:;I, however, has shown t h a t  

.__ . I, .'-i,b- -.7. ..rit.nin the mantle the temperatures 

The poss ib i l i t y  of some 

HOWE--.TT, if t,%ese ce l l s  do ex i s t  they should 
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For given values of the i LL--.l t- yerature  d is t r i lu t ion ,  radio- 

act ive abundances and dis t r ikk -5 >, -. -1- ~ rra7 conductivities, end 

other necessary parameters, t h  

culated as a function of t h e  

by means of the  heat conductior qmzi0-i .  

:?--?t r L t  ;,-ce dist r ibut ion may be cal-  

?r 2 d. :~32 p la i e t ,  i n  the so l id  s t a t e ,  

An estimate of the melting te.pcrr,ures as a function of pressure 

within the Earth's mantle is ncx requii-xl. 

course, t h a t  such a complex rnul:ica-,ccn-zt system as the Earth's mantle 

w i l l  not m e l t  a t  a constant t e q e r a t a r e  f o r  a given pressure. 

fore, the  range of temperatures o v e r  T*-hich melting OCCUTS should be 

obtained, ra ther  than the simple m l t i n g  curve which would be expected 

f o r  a single component c rys ta l l iae  solid.  

expected t o  melt over an extremly wide range, e.g., E20 and graphite, 

but fortunately the  temperature interval  Setween solidus and liquidus 

is only of the order of a few !;zn&ed degrees for the  major f rac t ion  

of many multicomponent si l icatc- ays te rs  . 
the melting of six stony meteol-ltez, ~ e 2 A . y  chondrites, as occurring 

between ll80 - 1350'C. 
may well  be melted or c r y s t a U . ~ : !  c-J.er an even narrower range. From 

a study of the St i l lwater  Coqil-x,  e.g., 3ess [1960] reports t h a t  60$ 

of a basa l t ic  melt crystallized ova- a t e q e r a t u r e  in te rva l  of only 

25OC. 

with a constant melting temperaxrc 3rovi3es a good approximation. 

It must be emphasized, of 

There- 

Ridnor f ract ions can be 

Alexeyeva [ 19583 reports 

I n  facz, the major Tractloii of iza~tle m,ter5~1 

- 

For a system of t h i s  t y y ? ,  %e a s s q t i o n  of a single component 
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Experimental meltirg pol IL Zs;a available Tor seiected s i l i c a t e  

materials only t o  pressures G -  ~ c ~ ~ 1 - z  5'3 & and extrapolation of these 

data, par t icu lar ly  through a 

layer, i s  an extremely unrel  

curve (Figure 1) derived fror.L r2zisnic  5ata and based upon treatment 

as a single component system LIL; L i r - 5 ~ m a n n ' s  raelting c r i t e r ion  and 

the  expression f o r  -&e Debye :?Lzi-~~x,cri'iStic frequency. More recently 

Clark [ 1.90'31 k s  cr i t ic ized  i Y e x ' s  ~-i--,-e rllcl has constructed a melt- 

ing curve (Figure 1) t o  accov,.;t, i? ar- z.pproximate manner, f o r  the 

f a c t  t ha t  the mantle is  a mu: - ~ c q ~ o x x  system 

describes the minimum m e l t i q  zeqc ra t . xe  for the  multicomponent 

system. 

C l w k ' s  mantle on the ass-qzIc:: chat tie range of melting i s  a con- 

s t a n t  180'. 

90-1 as Lrkoraogeneous as the t rans i t ion  

E ~ ' r c i z s s .  

Fig. 1 

I < Ufi"en E19521 presented a 

C l a r k ' s  curve 

Tne dashed curve inckz;es tk lllaximum melting curve for 

The low pressure data zk -1elzing range of basalt-eclogite 

from Yoder and Ti l ley [ 19621 Lirz ii g c c r a l  agrement with the m e l t -  

ing temperztures indicated by t k e  C l z r A  and Uffen curves, w h i l e  

melting curves f o r  single eo;. G:XX m t e r i a l s  such as diopside 

[Boyd and England, 19631 enst5';ite i Boyd, England, and D a v i s ,  19643 
1 ,  

i; 
The approxbmte charactel- of' <ASS? curves is  duly noted, but  

while they may not be accurst? ii-. d e t a i l  they do indicate the region 

i n  which melting should OCCLY :.nd SICS provide a reasonable basis  

for calculations. 
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A number of thermal model- -rere czlculated, t o  investigate 

numerically the poss ib i l i t i e s  ~ C reltirA;, using these melting curves. 

The basic equation of heat concLx%lon fcr a spherically symmetric 

body with in te rna l  heat so;LTceL, 

where r radius 

t time 

and the  following a r e  function5 af rad'--c Luu and time 

T temperature 

i( t h e m a l  conductivity 

A r a t e  of heat production pe r  >xiit volume 

Cp heat capacity 

was  employed together with a r e l a t i o n  fcr the thermal conductivity given 

by YacDonald [19641 as, 

where c l a t t i c e  conductivit? 

n index of refraction 

s Stefan-Boltunann cor :vs*I.?; 

E opacity 

; i  

I 1  

', I 
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The i n t e r m l  heat sources are  522 -2': T::? deczy of radioactive isotopes 

and a re  expressed by the reh-i ion 

j= i  

where 3 specif ic  radioacti-, J iL stc :  1 

. ,  2 number of radioact lw LS;;CI:;ZS 

B radioactive heat g:-l?zvziw- ra te  per g of isotope 

w isotope weight fraztio-: 

A decay constant of : w x p e  

The effect  of the e l ec t r i ca l  c m & x t i v i t y  on the opacity is  generally 

small f o r  the temperatures co::3ic;cred t e r e  and may be neglected. The 

numerical techniques employed ?alk-c Eyozedures similar t o  those out - 
l ined by 14acDonald [ 19591 wit:: th; exccption of a modification t o  

include the l a t en t  heat of fu:ion. Lc-;in [1962], i n  an interest ing 

pa;?er on the thermal history c f  tkc Mom, has predicted the occurrence 

of nel t ing by means of a sche::.2 si?;_ick lrivolves increasing the heat 

capacity within a melting reg: 32 ?y & ,:uantity suf f ic ien t  t o  include 

the l a t en t  heat of fusion. E.;,: k. Essxisd the  melting t o  occur 

l inear ly  with temperature eve-' ::E zeL-S.-; region. We adapt a d i f fe ren t  

a s s q t i o n ,  namely, t ha t  the . 21:Lr.g o i c l ~ p s  at  a constant temperature 

for a given pressure. 

of temperature across the rrielL:.l: r:gL.z is  not generally known. 

The qut.l;l-q af l a t en t  heat absorbed as a function 

How- 

ever, f o r  systems such as the ':-. : t i c .  ..qgna described by - Eess [1960], 
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the assuwtion of constant xne- 2::; -c::zL t:ratiL"e descri3es the date  more 

accurately tnan t'ne l inear  s e  -5:; s - c  ; FZLDZ. In  addition, the  con- 

s t an t  melting assvcmption lend. 2. i se l r r l  degree of s t a b i l i t y  t o  "ine 

numerical solutions. 

A prograa was written t c  >r.miEe for the  normal numerical solution 

of the 'neat conduction equat2, :-, ??:':cent f o r  intervals  i n  which the  melt- 

ing temperature w a s  reached c-  exlxede-:. Yhen tize nielting curve temper- 

a ture  was exceeded f o r  a give. 1-adil;s <:-3erval, tize tenperatwe was 

rese t  t o  the melting t e q e r a t  1.3 Ly il?- p r o g r m  and the excess heat 

energy subtracted from the her-: *G: ?u:;lon f o r  t h a t  interval.  When the  

heat of fusion had been reduc-d t i 3  ze:;, the t q e r a t u r e  of the  com- 

p le te ly  molten region was aga:r_ allasre, t o  r i s e .  

occurred i n  reverse if  a mol t , ?  r.?gLon vas cooled below the melting 

point.  

Tne same process 

This procedure is outlined In  tke appendix. 

Since the actual  abU"rd8r.i $1 41: i*a-Lioactive materials within the 

Eart'n a re  uncertain, two se t s  ;I" xscels witn u i foAmly dis t r ibuted 

radioactives were constructed, ~ 1 '  CSirg the chon6ritic abmdances 

as given by KacDonald [l959] : z C  -2-e o-cker using the so-called te r -  

r e s t r i a l  abundances given by 'i-ascdt,u:*r. e t  al.  [19641. These abun- 

&axes are liste(? in T&le 1 crd  conseqJLences of the  a s s q t i o n  

f o r  non- of t'nese abundances were disc;-r:s;c3 by :kcDonald [1964] \ 
melting models. 

d i s t r ibu t ion  and was assumed $3  ~.x.z5ii constant i n  time. 

Birch's [ 196- ] Sa1;ti;n I was  used f o r  the density 



- .  Tne estixated lower bo-x- 1,. - - q :  - - G < - < q  -L-.-b-L1 tell-,eraz.ze dist-Lbution 

0 e-qloyed fo r  these Eodels r L s  .= 

t o  15OO0C a t  500 km depth an< L 

inward. This i n i t i a l  teropere -:,e- 2s core fomst ion  energy and 

any energy released by the  de :-y J- :I, --lived radioactives p r io r  to 

l c a l i y  f r o 2  0 C a t  t k e  surface 

0 i?,s-cant a t  1500 fron 500 km 

the  beginning of the ca1culs-r . -112 22 of t'ne &rt'n, a f t e r  formation, 

i s  taken as 4.5 b i l l i o n  years _ _  ::.z ; XGdelS. 

The mount of radioacti: :-L: : x e d  i n  the outer lzyers of the 

E a r t h  is  considerably underes- 2-2 L:. :, - %ie assumption of uniform d i s -  

t r ibu t ion  of radioactives. TI 3 c ' ~ ~  I: gererally considered t o  be 

depleted i n  radioactives ax i  ;v-:--:% ;f a i l  radioactive materials 

from the core into the  nantle ill 'L8se the radioactive heat out- 

put  witnin the mantle by aim : T:.:. 

Table 2 l i s t s  some 02 tk- prUi:ee_~rs chosen f o r  t'ne construction 

of several representative EOC 1s. 

extensive discussion of tnese ~ ~ Y X ~ C - ~ ~ ? ~  afid t'ne vaiues used here, 

:k.;?t;i.=~ald [1959] has presented an 

except for  the heat of f u s i o r  8r3 Zhcsen a f t e r  h i s  model 14. An 

average value of 400 joules/E -,zs ~ s e &  for tine heat of Ifusion based 

upon the data conpiled by - B i r  11, k h 6 5 r z r ,  and Spicer [1942]. 

Figure 2 snows t'ne ente:r: oi' zL%%g x~&r these e s s q t i o n s  for 

the  outer 1500 km of uniform c ? - ~ r 5 r i z k  Earth f o r  both Clark's ninhum \ 
melting curve and Uffen's culn-;?. The standard nonmelting model is 

iccluded for  coxparison. 

the thickness of the  molten ::,;-e ;:'as 740 

For t 'ne zcde1 w;-+Uh Clark's melting curve, 

a f t e r  4.5 b i l l i o n  years, 

while the corresponding v z h t  i<iA X f a ' s  curve was 320 km. 
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Results of 

given i n  Figure 

amounted t o  500 

with the Wfen curve where t l  

Slnc  

pro6uction rz tes  xere delz5e: 

clitded that Tor the  Clark aa, r::. -4 c-aTes, nel t ing w i l l  take 

place wit‘nin an Earzh i,ni?;ie: ;- 

t i o n  of radioactive? heat s o x  

-- sz. , r e s  f a i l ed  t o  rezch the nelt- 
. . .  ing curve by or i~y  100’. 

- 7  ~ __i_ -21 terrrperatmes and heat 

, - .A S -  to Low vC-iizs, it is con- _ -  

irit‘n regard t o  the dis t r ibu-  

.----- 3LXL - \  I .;I- 

Tine existence of lmge  r- L-,t-! r-c,l,cs within the  t rans i t ion  zone 

and q p e r  mantle w i l l  require zi-z ccK;ideration of heat t ransfer  by 

convection since f lu id  coavec i3v- 5: . i x  irihibited by the inhomogeneities 

within the t rans i t ion  zone. 

point gradient exceeds the aE ? 

was found t o  hold f o r  the =el- i n -  i 

vection w i l l  occur within t h e  x ~ l - a ~  Lme. 

I &f:.~:~’ 5 19621 estimate t’nat the  melting 

<; ydient  by approximately l0/b 

6 considered here and hence con- v 

The theory of convectior i s  -1s: s J f f i c i en t ly  well  understood t o  

pern i t  expl ic i t  calculatior, c: Ync- heax-transfer process. 

heat flux i n  the in t e r io r  is   lo:^ ar-d -,Le efficiency of f l u i d  convection 

as a aechar?isn f o r  heat trans-2:: is c-zenely high under East condi- 

t ions.  

of e f f i c i en t  convection, i. e.  , -Lc: cozvzction car r ies  through the  

molten region a l l  heat above -L:ZZ Lv-oii-:G required t o  s l i gh t ly  exceed 

the  melting point.  The x e l t l  J -LL:~Y e curve w i l l  be followed 

However, 

Hence Yne f irst  apprc. L - z ; l c c  Ls to assume the l imiting case 



closely since, i f  t'ie t e ~ ~ e r s -  . -  I ,C. l>>i  :k~ ~ ~ 1 ~ 2 . g  g~ir; ; t ,  sol id-  

. .  1 -  _ _  i f ica t ion  begins and conveczic - 1- , I-?-, r z ~ s x ~  tce ",qera",e 

again. I f  the tenperatwe inr .- e E:eiting curve, convec- 

t i o n  increases and the t e q e r z  

This process of s h i L  '2: :-;ec+,ion was carried out 3y 

modiTication of tlae previous& _ _  L ~ L  1 si-ograa. Taese xodifications 

fix the upper bound of temper2 ~ . z c ,  -d::C.n a given radius interval ,  a t  

t'ne melting point and move a l l  ~ L X C X S  erirrgy into the adjacent outer 

radius in te rva l  while maintairA-r_- xxis z x z t i o z  of energy. Tnis process 

i s  described ir, Y e  appendix. 

ulated convection were c a l c u l s k c  &in; The modified Clark melting 

:.5:',als c,i'Sodying melting and t h i s  sim- 

curve (Figure 1) for born chorczLtic (l;'igiL-e 4) and t e r r e s t r i a l  (Fig- <,5 

ure 5 )  models. 

The regular nomelting rscjceis are coxpared with models including 

/ melting only and models eqloyl-ilg scth rieiting and simulated convection. 

Tne t e q e r a t u r e  dis t r ibut ions for ;kse ziode3.s a re  given i n  Table 3.  

The convecting models have a slightly m z l l e r  molten zone and one 

which i s  displaced towwd the sarface. 

the  outernost layers results i c  a lzrger  l o s s  of heat from the surface 

A steeper t h e m 1  gradient i n  

than f o r  the nonconvecting moacls arci the temperature dis t r ibut ions 

a re  s ignif icant ly  different .  

For these models, a radius i:;zmL 02 20 Inn was eqloyed  with 

corresponding time intervals  c5' &oJt 8 z i l l i o n  yezrs. 

solutions are s table  t o  the w;al ckecks Tor accuracy, such as 

Tne numerical 



. J-:, 

- - 1-T - .. decreesirg The t k e  acd r z c : ~  

the over-all Ynemai energy 'G_ 

-roper or inadequate approx 

t i t y  vas naintained. For t'k I x t e 6  here var ia t ions within 

the thermal energy balance we 

2- 3- , L- _;I. c ; z L e x ?  ?-zs ska-z~  zket 

5.- .;L-te se-isitive to the  'L;se 02 

z close check on t h i s  quan- 

It ms t  be clear ly  r em& - =. L;:Z ;:lese ruodels serve only t o  

dm-onstrate the effects  of L:e - q - r .  ciw-ot be considered t o  be 

r e a l i s t i c  models of tfie Esr-t;? 1 t o  satlsrfy the e q e r i -  

mentally determined recpirexe - 5 - 5 3  zm-&le a t  tine present 

time and the observed xean saA e i  2 - o ~  of approximately 

64 erg/ra2sec [Lee and YaeDom: -; 

face of the corxective modeis -L'C-JT -.$ 5 l l l i o n  y e m s  t o t a l s  

25.4 erg/m sec f o r  the  chondrr IC - 
restrlal  cases. These 1091 V a l  3 !le+nal consequence of the 

f a c t  t ha t  the  radioactives weis 

This i s  cer ta inly not t'ne casc x.,-f~Y3 t h e  Earth. 

I .  %e heat flow from the  sur- 

2 I / . o  erg/rfi2sec f o r  the t e r -  

L;s:-:.?, t o  r e m i n  uniformly distributed. 

The known concentration c '  ratiloaczlve materials within the c rus t  

demands a highly e f f i c i en t  dif 'eretziatioc p o c e s s  if  the Earth i s  

essumed t o  have had a uniform Ir-itiai x q o s i t i o n .  

to visual ize  any so r t  of e f f i c f e x  ui"lcren?;iation process as occur- 

r ing Ymough so l id  material of sac:? high densit ies and -ii.,us it would 

seen t h a t  a t  l e a s t  p a r t i a l  melxing sho-~l& be a requirement for opera- 

It i s  d i f f i c u l t  

t i o n  of the different ia t ion prccsess. As Figure 6 shows for a chondritic 



! 

melting, and, hence, on the Z-L --c -;;~~-;~loz, dizfererkiatlon begins. 

PLUS, calculations for  a d i f f  :z:-tkzs2 planet are  possible. Pre- 

l h i n a r y  calculations have be-z cs:-1-i.;d out for a ciifferentiating Noon 

and models of tine Earth and G;::CZ L,iz:-z-x w e  currently under 

construction. 

Investigation into The p d s k ~  02 y-elzing wit'nin t'ne Zarth 

revealed a strong poss ib i l i ty  %ha; che ze l t ing  t eqe ra tu res  within the 

outer layers of the Earth haw 5esn exceeded a t  soae time i n  t'ne Earth's 

history.  

c ient  process of heat tr2csfe:.. 

Fluid convection s k m X  then >me occurred and been an e f f i -  

-?e hare develo2ed nmer ica l  techniques 

T o r  calculating the teqeratur-.c- aisiz2:;;tion - .  within a spherical  body 

- .  which melts according t o  a s i ~ 2 l z  xeiG--:g curve and which convects with 

the l imiting case of high e92iciexy.  These techniques were applied t o  

the  outer layers of the Eart'r, a 6  tkie r.esults 2nd l imitations discussed. 

Tne importance of these techrfques E E  :, t o o l  for studying the  problen 

of differe;;tisticr, sT r a d i c ~ c t  5-JC. ;~-itc:-Lals wiYnin the h r t h  has been 

indicated. 

- . ... ._._ . 
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* 

. .  Given the equation descr: ,-A:-< :he t e q e r a t u e  

a spherically syzaetric body 

standar' techniqies are used - --I-- = . -k- +.+s eqcat 

eqmtion [see Z e r r i o t ,  19631. 

dist r ibut ion in 

on ;y a iiifference 

Takirg a rectangular l z ~ - L : z  2- -:-F rt plane i n  which tine l a t t i c e  

points are at 

integers, acd using the reLzt.,;?_s 

rn = ro i m Cr 2 2  zIL = y 3  + n A t  , where m and n are 



- -, 
A" 

b 

For a discussion of the con~ei-g~ .:c 3 .  - .  LL: ; flow solutions see Rmz [1957]. 

Fig. 8 - <  Figure 6 i l l c s t r a t e s  the zet:?od 

fusion duxing t'ne Eeltirig p r c c e ~  . 7--e -___- ~tetes of m t e r i a l  are defined 

as 

-T:S?Z :.;? &ccomti;?g for the  heat of 

n _ _  
1. Add Tm-lcon t o  T$ where -L-z- - f l  I s  calcxlated according t o  

2, 3, or 4 f o r  the  previous iat- -E -;:E: 
- s J - -  



. 

c * Set T12 = Tm 

14 

as indicated 
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